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Introduction {#sec1}
============

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful analytical tool in chemical and biological sensing, especially in the fields of food security and environment science, because it enables a highly sensitive, non-destructive, label-free detection with quick response and can provide molecular fingerprints of the adsorbates ([@bib3], [@bib17], [@bib34]). In the past, noble metal nanoparticles (NPs) were traditionally used as effective SERS substrates, where the electromagnetic enhancement mechanism plays a dominant role ([@bib9], [@bib18], [@bib19], [@bib31]). Nevertheless, the high cost, poor biocompatibility, and spectra uniformity of noble metal NPs severely limit their practical applications in SERS ([@bib5], [@bib22], [@bib43]).

Therefore, semiconductor-based SERS substrates with low cost, good spectra reproducibility, and biocompatibility have attracted increasing attention, greatly expanding the applications of SERS spectroscopy in various fields. However, the enhancement factor (EF) of semiconductor-based SERS substrates is usually in the range of 10--1,000, which is too low to meet the requirement of biological and chemical sensing. In respect of this, our research group has devoted tremendous efforts to investigate novel semiconductor nanomaterials with improved SERS activity, such as ZnO nanosheets ([@bib23]), SnO~2~ NPs ([@bib15]), and Cu~2~O NPs ([@bib16], [@bib21], [@bib20]). More recently, our group found that amorphous ZnO nanocages exhibited a higher SERS activity than their crystalline counterparts, ascribing to the more efficient interfacial charge transfer (CT) assisted by the metastable electronic states of amorphous ZnO nanostructures ([@bib36]). Different from conventional semiconductor-based SERS studies that mainly focus on crystalline structure, our recent study opens a new frontier for developing highly sensitive SERS spectroscopy using amorphous semiconductors ([@bib36]).

Despite the rapid development, exploring novel SERS-active semiconductors with high EF and low limit of detection (LOD) is still urgently required for practical applications. Generally, it is believed that the chemical enhancement mechanism dominates the SERS of semiconductors, where the photo-driven CT mechanism plays a major role ([@bib1], [@bib2], [@bib25], [@bib27], [@bib30], [@bib37], [@bib38], [@bib39]). Therefore, a clear understanding of the photo-driven CT process and correlating the enhanced Raman intensities with excitation wavelength are extremely important for designing sensitive semiconductor-based SERS substrates. However, the photo-driven CT mechanism has not been fully addressed hitherto, owing to the complexity of the CT process and the experimental difficulty in identifying CT states.

Herein, theoretical calculations are first performed to give a clear and deep understanding of the SERS activity of rhodium sulfide. Then, with the guidance of calculation results, amorphous rhodium sulfide microbowls combining the advantages of both amorphous structure for efficient interfacial CT and bowl-like shape for effective photon trapping are successfully developed. The first-principles calculations indicate that the bonding of 4-nitrobenzenethiol (4NBT) on the Rh~3~S~6~ cluster could put the lowest unoccupied molecular orbital (LUMO) of the Rh~3~S~6~-4NBT complex close to the LUMO of Rh~3~S~6~, significantly decreasing the energy gap of the complex, enabling the quasi-resonance Raman effect by visible light. Based on the CT strength rather than the oscillator strength, an optimum wavelength of around 633 nm for SERS of amorphous rhodium sulfide is predicted, which is further demonstrated in experiments. Ascribing to the quasi-resonance Raman effect and the effective light trapping, amorphous rhodium sulfide microbowls exhibit a remarkable SERS sensitivity with a high EF of 1 × 10^5^ and a low LOD of 10^−7^ M for rhodamine 6G (R6G). Previous studies mainly focused on the SERS of metal oxide semiconductors, whereas the SERS activity of metal sulfide semiconductors has seldom been investigated ([@bib32], [@bib41]). Our work offers a cost-effective strategy for designing novel SERS-active semiconductors guided by theoretical calculations.

Results and Discussion {#sec2}
======================

Theoretical Prediction of the SERS Activity {#sec2.1}
-------------------------------------------

As a common metal sulfide semiconductor, rhodium sulfide nanomaterials have been widely used as catalysts with excellent chemical stability and corrosion resistance. Nevertheless, their SERS activity is never reported. In this work, we first investigate the SERS activity of amorphous rhodium sulfide using the first-principles calculations performed by the Gaussian 09 package ([@bib6]). A rhodium sulfide cluster (Rh~3~S~6~) is built based on the pre-demonstrated model of transition metal sulfide clusters ([@bib4], [@bib8], [@bib11], [@bib28]). The rhodium oxide cluster (Rh~3~O~6~) is also built for comparison purpose. The cluster models have been successfully used to qualitatively describe the property of amorphous structures before ([@bib29], [@bib36]) and have been widely used in the SERS simulations ([@bib16], [@bib42]). The detailed parameters for the calculations are shown in the [Supporting Information](#mmc1){ref-type="supplementary-material"}. The optimized structures of the 4NBT, the Rh~3~S~6~ cluster, the Rh~3~S~6~-4NBT complex, and the Rh~3~O~6~-4NBT complex are shown in [Figure 1](#fig1){ref-type="fig"}A. The Rh-S bond in the Rh~3~S~6~ cluster is in the range of 2.1--2.34 Å, and the Rh-O bond in the Rh~3~O~6~ cluster is in the range of 1.7--2.0 Å. The 4NBT molecule is bonded to the Rh~3~S~6~ (Rh~3~O~6~) via the Rh-S (Rh-O) bonding ([@bib20], [@bib38]). The calculation results indicate that the S atom in 4NBT is preferred to adsorb on the Rh atom numbered 2 with a relatively smaller energy of the complex.Figure 1Theoretical Investigations on the Static Chemical Enhancement of Rh~3~S~6~ in SERS(A) Basic model of the 4NBT, Rh~3~S~6~, Rh~3~S~6~-4NBT complex, and the Rh~3~O~6~-4NBT complex after optimization.(B) Calculated Raman spectra of the single 4NBT molecule, the Rh~3~S~6~-4NBT complex, and the Rh~3~O~6~-4NBT complex.(C) Comparison of the Raman intensities for the modes at 1,108 cm^−1^ and 1,620 cm^−2^, respectively.(D) Calculated polarizabilities of the single 4NBT, the 4NBT adsorbed on Rh~3~S~6~, and the Rh~3~O~6~, respectively. The inset in (D) shows the charge difference distributions of the Rh~3~S~6~-4NBT and Rh~3~O~6~-4NBT complexes with electrons in purple and holes in cyan (Isovalue = 0.0004).See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

[Figure 1](#fig1){ref-type="fig"}B shows the static Raman scattering spectra of a single 4NBT molecule, and the 4NBT adsorbed on the Rh~3~S~6~ and Rh~3~O~6~ clusters. Obviously, the Raman intensity of the 4NBT molecule is enhanced when adsorbed on either the Rh~3~S~6~ or the Rh~3~O~6~ clusters, especially for the modes at ∼1,620 cm^−1^ and ∼1,108 cm^−1^, which correspond to the C=C stretching mode and the ring-breathing mode coupled to the C-S stretch mode, respectively ([Figure S1](#mmc1){ref-type="supplementary-material"}). In addition, ∼8 cm^−1^ and ∼16 cm^−1^ red shifts of the ∼1,620 cm^−1^ and ∼1,108 cm^−1^ modes are observed when 4NBT is adsorbed on the Rh~3~S~6~ and Rh~3~O~6~ clusters, which is an indication of the CT process. A comparison of the Raman intensities of 4NBT for the vibration modes at 1,108 cm^−1^ and 1,620 cm^−1^ indicates that the rhodium sulfide may be a better candidate than rhodium oxide for sensitive SERS spectroscopy ([Figure 1](#fig1){ref-type="fig"}C).

To understand the higher SERS activity of rhodium sulfide, the polarizabilities and the charge difference distributions of the Rh~3~S~6~-4NBT complex and the Rh~3~O~6~-4NBT complex are calculated ([Figure 1](#fig1){ref-type="fig"}D). The redistributions of the charge density show that the Rh-S bond serves as the CT channel and facilitates the redistribution of the electron cloud around the 4NBT molecule and the Rh~3~S~6~ or the Rh~3~O~6~ clusters. The results indicate that the charge density deformation mainly happens around the C and S atoms of the 4NBT ring, which is beneficial for the chemical enhancement ([@bib40]). The Hirshfeld population analysis ([@bib13]) indicates that 0.112 e is transferred from the Rh~3~S~6~ cluster to the 4NBT, whereas the amount of charge transferred from the Rh~3~O~6~ cluster to 4NBT is 0.013 e. The optimized geometries of the Rh~3~S~6~ and Rh~3~O~6~ clusters indicate that Rh~3~O~6~ exhibits a more compact structure than Rh~3~S~6~, resulting from the shorter Rh-O bond. The less charge exchange between Rh~3~O~6~ and 4NBT may come from the more compact structure of Rh~3~O~6~ and the larger electronegativity of O atoms, which could generate a greater confinement of the electrons in Rh~3~O~6~ and hence weakens the interaction between the electron clouds of 4NBT and Rh~3~O~6~. The stronger static CT from Rh~3~S~6~ to 4NBT could greatly increase the polarizability of the 4NBT, resulting in the highly enhanced Raman signals of 4NBT. As shown in [Figure 1](#fig1){ref-type="fig"}D, the calculated polarizabilities of the 4NBT and the 4NBT adsorbed on the Rh~3~S~6~ and Rh~3~O~6~ clusters are 112, 446, and 299 Bohr^3^, respectively.

Besides increasing the static polarizabilities, we find that rhodium sulfide can also greatly modify the molecular orbital of the adsorbed 4NBT molecule. As shown in [Figure 2](#fig2){ref-type="fig"}A, the highest occupied molecular orbital (HOMO) and the LUMO for both the 4NBT molecule and the Rh~3~S~6~ cluster are distributed on the whole structure. When the 4NBT molecule is adsorbed on the Rh~3~S~6~ cluster, the HOMO is still delocalized on the whole complex, mainly composed by the valence sulfur p orbitals, carbon p orbitals, and rhodium d orbitals. Nevertheless, the LUMO of the complex is mainly localized on the Rh~3~S~6~ cluster with significant sulfur p orbital and rhodium d orbital contributions. The p and d orbitals are identified based on the shape of the orbitals shown in the calculated HUMO and LUMO images, where the p orbital exhibits a dumbbell shape and the d orbital possesses a double dumbbell shape. More importantly, we find that the LUMO energy level of the Rh~3~S~6~ cluster is −5.011 eV, which is between the HOMO (−2.908 eV) and LUMO (−7.012 eV) of the 4NBT. When bonding the 4NBT on the Rh~3~S~6~ cluster, the LUMO of the Rh~3~S~6~-4NBT complex is shifted close to the LUMO of Rh~3~S~6~. According to the calculations, the HOMO-LUMO energy gap for 4NBT is ∼4.104 eV, which is too large to allow resonance Raman scattering by visible light. However, when adsorbing 4NBT onto the Rh~3~S~6~, the energy gap of the 4NBT is greatly decreased. The decreased energy gap enables new possible CT excitations at the low-energy level, resulting in the quasi-resonance Raman scattering effect at specific wavelength and hence efficient enhancement of the Raman signals. Generally, it is difficult to detect molecules with large energy gap due to the lack of resonance Raman effect. Our findings suggest an effective way to detect molecules with large band gaps using semiconductor substrates with proper band gaps to decrease the energy gap of the complex and enable the quasi-resonance Raman effect.Figure 2Theoretical Investigations on the Photo-Driven Charge Transfer Process in Rh~3~S~6~-4NBT(A) Illustration of the HOMO and LUMO of 4NBT, Rh~3~S~6~, and Rh~3~S~6~-4NBT (Isovalue = 0.02).(B) Calculated vertical transition energies and oscillator strengths of Rh~3~S~6~-4NBT complex; f is the oscillator strength.(C) Charge difference densities for the singlet excitation states of Rh~3~S~6~-4NBT labeled with ①, ②, ③, ④ in (B); the purple and cyan stand for the electron and hole, respectively (Isovalue = 0.0004), and the red arrows indicate the charge transfer direction.(D) The ▵r index and the charge transfer length of the singlet excitation states of Rh~3~S~6~-4NBT labeled with ①, ②, ③, ④ in (B).See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

[Figure 2](#fig2){ref-type="fig"}B shows the electronic excitation states of the Rh~3~S~6~-4NBT complex. Comparing with the electronic transition states of a 4NBT molecule ([Figure S2](#mmc1){ref-type="supplementary-material"}), [Figure 2](#fig2){ref-type="fig"}B shows that the interaction between the 4NBT and the Rh~3~S~6~ cluster creates some new electronic transitions in the visible light region. When the incident wavelength approaches the allowed electronic transitions, the quasi-resonance Raman effect could happen through the photo-driven CT between the molecule and the semiconductor, resulting in the greatly enhanced Raman intensities. As lasers with different wavelength could excite different electronic excitation states, the SERS activity of rhodium sulfide should exhibit wavelength-dependent behavior. In previous studies, the resonance Raman intensities based on photo-driven CT mechanism were normally believed to be proportional to the square of the oscillator strength, whereas the CT strength was seldom considered ([@bib7], [@bib25], [@bib42]). To elucidate the photo-driven CT process and give a deep understanding of the wavelength-dependent SERS of rhodium sulfide, we then clearly examine both the CT strength and the oscillator strength for several representative electronic transition states. As shown in [Figure 2](#fig2){ref-type="fig"}C, the charge difference densities at the four excited states (labeled with ①, ②, ③, ④ in [Figure 2](#fig2){ref-type="fig"}B) with relatively larger oscillator strength are calculated. The results indicate that the four selected excited states could be assigned to the mixtures of the local excitation within the Rh~3~S~6~ cluster and the photo-driven CT excitation associated with the interband CT from the 4NBT to the Rh~3~S~6~ cluster. A majority of the electron transfer from the 4NBT to the Rh~3~S~6~ cluster can be clearly observed with the holes mainly distributed at the 4NBT part. [Figure 2](#fig2){ref-type="fig"}C visually shows that the most efficient CT from the 4NBT to the Rh~3~S~6~ cluster happens at mode ③ (614 nm), followed by mode ④ (650.5 nm), mode ② (588 nm), and then mode ① (495 nm). However, according to [Figure 2](#fig2){ref-type="fig"}B, the oscillator strength at mode ② is the largest, followed by mode ①, mode ③, and then mode ④. Our results indicate that the CT strength is inconsistent with the oscillator strength of the electronic transition state. Therefore, it is inappropriate to estimate the photo-induced chemical enhancement of SERS using the oscillator strength alone. To quantify the CT strength for the four selected electronic transition states of the Rh~3~S~6~-4NBT complex, we then calculate the CT length and the ▵r index, which are quantitative indicators of the electron excitation mode ([@bib10]). As shown in [Figure 2](#fig2){ref-type="fig"}D, the ▵r indices for modes ①, ②, ③, and ④ are 0.853 Å, 1.107 Å, 4.043 Å, and 1.436 Å, respectively. Also, the CT lengths for modes ①, ②, ③, and ④ are 0.166 Å, 0.749 Å, 3.799 Å, and 1.178 Å, respectively. These quantitative data are well matched with [Figure 2](#fig2){ref-type="fig"}C, directly demonstrating that mode ③ exhibits the strongest CT character from 4NBT to the Rh~3~S~6~, followed by mode ④, and then mode ② and mode ①. Based on these analysis, we predict that amorphous rhodium sulfide should generate the most enhanced Raman signals of 4NBT at the wavelength close to modes ③ (614 nm) and ④ (650.5 nm).

According to the calculated oscillator strength, one may assume that 4NBT adsorbed on the rhodium sulfide exhibits the largest SERS enhancement at the wavelength close to mode ② (588 nm), which is the general method adopted in previous studies. However, after carefully analyzing the excitation modes of each electronic transition state, we find that the CT strength is not consistent with the oscillator strength. This is because the electronic excitation states involve both the local excitation and the CT excitation, whereas only the CT between the molecules and the semiconductors contributes to the enhanced Raman signals of adsorbed molecules. Therefore, to estimate the wavelength-dependent SERS activity of semiconductors, carefully analyzing the excitation modes is necessary to identify the CT strength in each electronic transition state. Our findings give a deep understanding of the photo-driven CT process in the SERS of semiconductors and provide a novel strategy to correlate the enhanced Raman intensities with the excitation wavelength based on the quasi-resonance Raman effect, which is extremely important for selecting the optimal incident wavelength for sensitive SERS.

Synthesis, Characterization, and SERS Response {#sec2.2}
----------------------------------------------

Guided by theoretical calculations, the amorphous rhodium sulfide microbowls are then designed and successfully synthesized for SERS. The detailed synthesis procedures for the amorphous rhodium sulfide microbowls are shown in the [Supplemental Information](#appsec2){ref-type="sec"}. The amorphous rhodium sulfide is specifically synthesized in bowl shape to combine the advantages of both bowl-like shape and the amorphous nanostructure for highly sensitive SERS. For one thing, the amorphous structure is favorable for the more efficient interfacial CT assisted by the metastable electronic states ([@bib36]). For another thing, the bowl-like shape enables effective photon trapping by multiple scattering of light ([@bib35]). [Figures 3](#fig3){ref-type="fig"}A and 3B show the scanning electron microscopic images of the synthesized rhodium sulfide samples with different magnifications. The results indicate that the as-prepared rhodium sulfide samples are in bowl-like shapes with excellent size uniformity. The selected area electron diffraction pattern shown in the inset of [Figure 3](#fig3){ref-type="fig"}C directly demonstrates the amorphous structure of the rhodium sulfide sample, which is consistent with the spherical-aberration-corrected transmission electron microscopic image ([Figure S3](#mmc1){ref-type="supplementary-material"}A). X-ray diffraction (XRD) also verifies the amorphous phase of the as-prepared sample, where the XRD pattern shows no distinct diffraction peaks ([Figure S3](#mmc1){ref-type="supplementary-material"}B). The surface compositions of the Rh and S elements for the as-prepared samples are confirmed by X-ray photoelectron spectroscopy (XPS) ([Figures S3](#mmc1){ref-type="supplementary-material"}C and S3D). The Rh 3d~5/2~ and Rh 3d~3/2~ binding energies of the amorphous rhodium sulfide microbowls are located at 309 and 313.7 eV, respectively, indicating that the rhodium existed as Rh^4+^. The peaks of S 2p~3/2~ and S 2p~1/2~ levels at 162.7 and 163.9 eV, respectively, which are assigned to the S^2−^ ions. The XPS results are consistent with the Rh~3~S~6~ cluster model for which the atomic ratio of Rh and S is 1:2. All these results indicate that the amorphous rhodium sulfide microbowls have been successfully synthesized.Figure 3Characterization and SERS Response of Amorphous Rhodium Sulfide Microbowls(A and B) Scanning electron microscopic images of amorphous rhodium sulfide microbowls with different magnifications.(C) Transmission electron microscopic images of the amorphous rhodium sulfide microbowls with selected area electron diffraction pattern shown in inset.(D) Calculated electric field distributions (\|E\|/\|E~0~\|) for (i) amorphous rhodium sulfide microbowl with 1 μm diameter and 20 nm thickness and (ii) amorphous rhodium sulfide film with 20 nm thickness.(E) Ultraviolet-visible absorption spectra of 4NBT, rhodium sulfide, and rhodium sulfide-4NBT complex in ethanol.(F) Time-dependent density functional theory-calculated absorption spectra of a 4NBT, Rh~3~S~6~, and Rh~3~S~6~-4NBT complex in ethanol.(G and H) SERS spectra (G) and Raman intensities of the 1,598 cm^−1^ mode (H) for 4NBT (5 × 10^−4^ M) adsorbed on the amorphous rhodium sulfide microbowls at different incident wavelengths.See also [Figures S3--S5](#mmc1){ref-type="supplementary-material"}.

To demonstrate the efficient photon trapping ability of the amorphous rhodium sulfide microbowls, the electric field distributions of amorphous rhodium sulfide microbowl and amorphous rhodium sulfide film are calculated ([Figure 3](#fig3){ref-type="fig"}D). Based on the scanning electron microscopic image, the diameter and depth of the microbowl are approximately 1 and 0.5 μm. Compared with the rhodium sulfide film, intensely enhanced electric fields are observed inside the microbowl because of the multiple light scattering, directly demonstrating the effective photon-trapping ability of the microbowl structure. The intensified electric fields inside the microbowl could improve the performance of rhodium sulfide in SERS, considering that the enhancement of Raman signals is approximately proportional to \|E\|/\|E~0~\|^4^. In addition, the photon-trapping ability could be well controlled by manipulating the size of the amorphous rhodium sulfide microbowl. As shown in [Figure S4](#mmc1){ref-type="supplementary-material"}, the electric field enhancement inside the microbowl gradually increases on increasing the diameter of the microbowl from 0.6 to 1 μm. With further increase in the diameter of the microbowl from 1 to 1.2 μm, an obvious decrease of the electric field enhancement within the microbowl is observed. The results indicate that in this work the microbowl with ∼1 μm diameter exhibits the best photon trapping ability for SERS.

[Figures 3](#fig3){ref-type="fig"}E and 3F show the measured and calculated absorption spectra of the 4NBT, the rhodium sulfide, and the mixture of rhodium sulfide and 4NBT. Both [Figures 3](#fig3){ref-type="fig"}E and 3F show that pure 4NBT exhibits a narrow band at the UV region, whereas the rhodium sulfide possesses a much broader band across the UV and visible light regions. In addition, a red-shifted and broadened absorption band for the mixture of 4NBT and rhodium sulfide is observed. The absorption spectra measured in experiments are well matched with the simulation results ([Figure 3](#fig3){ref-type="fig"}F), further demonstrating the rationality of the cluster model constructed here. It is also noted that the measured absorption spectrum of rhodium sulfide microbowl exhibits a broader absorption peak with a slower decay rate than the simulated one, which may be due to the influences of light scattering and bowl shape. In experiments, the measured absorption spectrum includes both the absorption and the scattering of incidence, whereas only the absorption caused by electronic transitions is counted for simulations. [Figures 3](#fig3){ref-type="fig"}E and 3F show that when 4NBT is mixed with the rhodium sulfide microbowls, the absorption intensity at the visible light region of the complex is obviously enhanced, whereas the absorption intensity for pure 4NBT molecule in the visible light region is negligible. The red-shifted and broadened absorption peak for the mixture of 4NBT and rhodium sulfide demonstrates both the formation of rhodium sulfide-4NBT complex and the generation of new excitation states at the visible light region. The results are in good agreement with the simulation results shown in [Figure 2](#fig2){ref-type="fig"} that the bonding of 4NBT on the Rh~3~S~6~ cluster could significantly decrease the energy gap of the complex and enable new possible CT excitations at the low-energy level.

We have shown in [Figures 2](#fig2){ref-type="fig"}C and 2D that 4NBT adsorbed on the rhodium sulfide is anticipated to exhibit the largest SERS intensity at the wavelength close to mode ③ (614 nm), followed by mode ④ (650.5 nm), mode ② (588 nm), and then mode ① (495 nm). With the guidance of the simulation results, the Raman intensity of 4NBT molecules adsorbed on the amorphous rhodium sulfide microbowls with 514-, 633-, and 785-nm lasers are individually measured. As shown by the green, orange, and red dashed lines in [Figure 2](#fig2){ref-type="fig"}B, the 514-nm laser is close to the excitation state ①, the 633-nm laser is close to the excitation states ③ and ④, and there is no excitation state around 785 nm. Therefore, the 633-nm laser is anticipated to generate the largest SERS enhancement because of the most efficient CT excitation, whereas enhancement of Raman signal at 785 nm should be very small mainly resulting from the static chemical enhancement. The wavelength-dependent SERS activity of amorphous rhodium sulfide microbowls is in excellent agreement with our predictions based on the simulation results. As shown in [Figures 3](#fig3){ref-type="fig"}G and 3H, the Raman intensity of 4NBT molecules is greatly enhanced for 633-nm laser, followed by 514-nm laser, and then 785-nm laser. [Figure 3](#fig3){ref-type="fig"}G shows that the vibrational modes of 4NBT at ∼1,100 cm^−1^ and ∼1,598 cm^−1^ are greatly enhanced when adsorbed on the surface of the amorphous rhodium sulfide microbowls, which corresponding to the ring-breathing mode coupled to the C-S stretch mode and the C=C stretching mode of the benzene ring, respectively ([@bib33]). In addition, compared with the Raman spectrum of pure 4NBT ([Figure S5](#mmc1){ref-type="supplementary-material"}), the position of the C=C stretching mode of 4NBT is shifted from ∼1,576 cm^−1^ to ∼1,598cm^−1^ when adsorbed on the amorphous rhodium sulfide microbowls, indicating the chemical enhancement mechanism associated with the CT between the rhodium sulfide substrate and the 4NBT molecule. It is also seen that the Raman intensity of ∼1,360 cm^−1^ mode for the pure 4NBT molecule is much larger than that of ∼1,598 cm^−1^ mode. However, when 4NBT molecules are adsorbed on amorphous rhodium sulfide microbowls, the intensity of the ∼1,598 cm^−1^ mode becomes much larger than that of the 1,360 cm^−1^ mode ([Figure 3](#fig3){ref-type="fig"}G), which could be assigned to the selection rules involved in the chemical enhancement mechanism ([@bib24], [@bib25], [@bib26]). Based on the equation EF = (I~*SERS*~/N~*ads*~)/(I~bulk~/N~*bulk*~), the EF of the amorphous rhodium sulfide microbowls for 4NBT molecules at 633 nm is calculated using the intensity of the C=C stretching mode (∼1,598 cm^−1^). I~*SERS*~ and I~bulk~ are the SERS intensity of particular peak of the analytes and the normal Raman intensity of the analytes, and N~*ads*~ and N~*bulk*~ are the number of molecules adsorbed on the substrate and the number of molecules in normal Raman measurement. The detailed calculation procedures are shown in the [Supplemental Information](#appsec2){ref-type="sec"}. According to the calculation, the EF for 4NBT molecules adsorbed on the amorphous rhodium sulfide microbowls with 633-nm laser is ∼3 × 10^4^. The results demonstrate that the photo-driven CT process plays a dominant role in the chemical enhancement of semiconductor-based SERS. For the 4NBT molecule adsorbed on Rh~3~S~6~ cluster without illumination, the static chemical enhancement of the C=C stretching mode is only ∼20 ([Figure 1](#fig1){ref-type="fig"}). When the sample is illuminated with lasers, the SERS enhancement varies with the strength of the photo-driven CT, and the highest SERS enhancement will be obtained with the most efficient photo-driven transfer process.

Enhancement Factor and Limit of Detection {#sec2.3}
-----------------------------------------

Finally, the SERS activity of the amorphous rhodium sulfide microbowls is further examined using the R6G molecules as probes. R6G molecules with a concentration of 8 × 10^−5^ M are used to get the EF of the R6G molecules absorbed on the amorphous rhodium sulfide microbowls. The concentration of 8 × 10^−5^ M is selected to avoid the supersaturated adsorption of R6G molecules on SERS substrates ([@bib21]). Since the absorption band of R6G is at ∼520 nm, it is better to use lasers with longer wavelength in SERS measurement of R6G to avoid the effects of absorption. Therefore, the 647-nm laser is used to examine the EF and LOD. As shown in [Figure 4](#fig4){ref-type="fig"}A, the seven characteristic bands of R6G centered at ∼616 cm^−1^, ∼771 cm^−1^, ∼1,183 cm^−2^, ∼1,313 cm^−1^, ∼1,358 cm^−1^, ∼1,503 cm^−1^, and ∼1,652 cm^−1^ are clearly detected for the 8 × 10^−5^ M R6G adsorbed on the amorphous rhodium sulfide microbowls ([@bib12], [@bib14]). Particularly, the bands centered at ∼616 cm^−1^ and ∼771 cm^−1^ represent an out-of-plane deformation vibration of the xanthene ring and a C-H out-of-plane bending vibration, respectively, which may acquire the resonance Raman intensity via vibronic coupling ([@bib12]). The EF of ∼616 cm^−1^ mode for R6G molecules adsorbed on the amorphous rhodium sulfide microbowls is estimated to be ∼1 × 10^5^, which is higher than most of the metal oxide SERS substrates in previous studies, and is the best EF that has been achieved for metal sulfide semiconductors ([Table S1](#mmc1){ref-type="supplementary-material"}). The LOD of the amorphous rhodium sulfide nanostructures for R6G molecules is also explored. As shown in [Figure 4](#fig4){ref-type="fig"}B, even when the concentration of the R6G molecules is decreased to 10^−7^ M, the characteristic bands of R6G molecules can still be obviously detected. The high EF (1 × 10^5^) and the low LOD (10^−7^ M) of the amorphous rhodium sulfide microbowls in the SERS detection of R6G molecules further demonstrates their excellent sensitivity for SERS spectroscopy.Figure 4SERS Sensitivity of Amorphous Rhodium Sulfide Microbowls for R6G(A) Normal Raman spectrum of R6G and SERS spectrum of R6G (8 × 10^−5^ M) adsorbed on the amorphous rhodium sulfide microbowls.(B) SERS spectra of R6G molecules at different concentrations adsorbed on the amorphous rhodium sulfide microbowls, respectively. Inset shows the chemical structure of R6G. Laser wavelength: 647 nm.See also [Table S1](#mmc1){ref-type="supplementary-material"}.

Conclusions {#sec2.4}
-----------

In conclusion, amorphous rhodium sulfide microbowls with excellent SERS performance are successfully designed and synthesized with the guidance of theoretical calculations. The amorphous structure is favorable for efficient interfacial CT, and the bowl-like shape is beneficial for photon trapping by multiple light scattering. The first-principles calculations of Rh~3~S~6~-4NBT show that the rhodium sulfide could greatly enlarge the polarizability of 4NBT. In addition, the energy gap of 4NBT adsorbed on rhodium sulfide could be greatly decreased by shifting its LUMO energy level close to the LUMO of the rhodium sulfide cluster, making new CT excitations available at the visible light region, and efficiently enhancing the Raman signals by quasi-resonance Raman effect. Based on the CT strength analysis and electric field distribution, the optimum wavelength at ∼633 nm for SERS of amorphous rhodium sulfide microbowls are well predicted and confirmed in experiments. Combining the quasi-resonance Raman effect and the efficient photon trapping, the amorphous rhodium sulfide microbowls exhibit an outstanding SERS activity with a high EF of 1 × 10^5^ and a low LOD of 10^−7^ M for R6G, which is better than that of most of the metal oxide SERS substrates in previous studies and is the best that has been achieved for metal sulfide semiconductors. Our results provide both a deep insight of the photo-driven CT mechanism in the SERS of semiconductors and a cost-effective strategy for designing SERS-active semiconductors guided by theoretical simulations and may pave the way for the development of novel semiconductor-based SERS substrates.

Limitations of the Study {#sec2.5}
------------------------

At present, it is difficult to characterize the atomic structure of amorphous nanomaterials in experiments and also impossible to accurately construct the amorphous structures for simulation. Even though the cluster model built in this work is able to give an accurate qualitative description to the amorphous rhodium sulfide nanostructure, a more perfect model is needed in the future for the better description of the amorphous structures.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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Document S1. Transparent Methods, Figures S1--S5, and Table S1
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